ABSTRACT
INTRODUCTION
Present power systems are large interconnected networks which span over entire countries and even continents are linking with the generators and loads. The main requirement for the reliable operation of the power system is that the system should be stable when a fault occurs on the system. A system is generally said to be transiently stable, if all the synchronous machines of the system remain in synchronism during the short period following a large disturbance. The transient stability is a fast phenomenon and usually occurring within 1 sec for a generator close to the cause of disturbance. The time domain simulation method is the most commonly used method to solve the set of nonlinear equations describing the system dynamic equations, in order to determine the transient stability [1] . From the inspection of the solution, conclusion can be drawn whether the system is stable or unstable.
In the actual operation of a power system the loading conditions and the parameters of the system are quite different from those assumed at the initial planning stage. Therefore for the better assessment of transient stability the system operator should simulate the contingencies in advance, access the results and take preventive control action if required. The time-domain simulation method is the most accurate method for accessing the transient stability but the disadvantage of this method is that, it will take more time and does not provide information about the transient energy margin. The equal area criterion can be applied for assessing the transient stability but this method has some modelling limitations. The transient energy function method can also be applied but this method has also some modelling limitations. Both the equal area criterion and transient energy methods need a lot of computations to determine the transient stability [2, 3] . Since the transient stability is a fast phenomenon, so better methods should be used to assess the transient stability which provide fast and accurate results.
Neural networks can be used to access the transient stability of the large power systems. The main advantage of the neural networks is that it will learn complex relationships and their modular structure which allows parallel processing. The main objective of the present investigation is to propose a MLP neural network based approach for online transient stability analysis through estimation of a normalized transient stability margin ( n V ∆ ) [4] . In this paper we have taken n V ∆ is a function of only pre-fault system operating point, which can be adequately characterized by a proper set of readily measurable operating conditions in the pre-fault situations. The potential energy boundary surface method along with time domain simulation method is used to obtain critical energy for the particular disturbance under investigation.
MULTI-LAYERED PERCEPTRON NEURAL NETWORK
Neural networks are inspired by the Human brain. A brain is a massively parallel distributed system made up of highly interconnected neural computing elements called as neurons, which have the ability to learn and thereby acquire knowledge and make it available for use. The neurons are also called as neurodes, processing elements or nodes. The complex relationship between the input variables and output variables is established by using the neural networks. A multilayered feed forward neural network is also known as multi layer perceptron. This neural network consists of an input layer, an output layer and one or more hidden layers. Generally one hidden layer is sufficient to establish complex relationship between the input and output. The number of neurons in the input layer and output layer depends on the specific problem but the number of neurons in the hidden layers is arbitrary and is usually decided by trial and error method [5, 6] . The neural network is used to adjust the weights and biases of the network in order to reduce the error between the desired output and obtained output. This process of adjusting the weights and biases is known as training. Different algorithms are present to train the neural network. In this paper we have used Trainlm as the training function [7] . Trainlm is the best algorithm compared to other algorithms present up to so far. To obtain the training data the Potential Energy Boundary Surface (PEBS) method along with time domain simulation method is used.
NORMALIZED TRANSIENT ENERGY MARGIN
Consider a power system composed of n synchronous generators. The motion of the i th machine of an n-machine system reduced to generator internal nodes, using classical machine model representation is described in the Centre of Inertia (COI) formulation [8, 9] by
Where,
Where, The energy function for the post-fault system is constructed as (7) is path dependent. By assuming a straight line path of integration, the third term of Eq. (7) is approximated analytically as
After the removal of a disturbance, if the power system is stable then a certain amount of kinetic energy is not absorbed. This indicates that not all the transient kinetic energy, created by the disturbance, contributes to the instability of the system. Some of the kinetic energy created by the disturbance is responsible for the inter-machine motion between the generators [10, 11] , and does not contribute to the separation of the severely distributed generators from the rest of the system. Therefore by using the transient energy function method in order to assess the accurate transient stability, the amount of kinetic energy which is not contributing to the instability of the system should be subtracted from the energy that needs to be absorbed by the system for stability to be maintained. If the inertias of the system are finite, the disturbance splits the generators of the system into two groups: the critical machines and the rest of the generators [12, 13] . In the Eq. (9) and Eq. (10) the subscript "cr" denotes the critical machines group and "sys" denotes the rest of the machines in the system. The kinetic energy which is responsible for the separation of the two groups [14, 15, 16] is the same as that of an equivalent one-machineinfinite-bus system having inertia constant eq M and angular velocity eq ω given by accompanied by trial and error method. (7) Integrate the faulted system dynamic equations until time instant, t= cr t . Find the value of system potential energy at this time instant. Also find the system corrected kinetic energy using Eq. (13) . Then obtain the system critical energy cr V by adding the system potential and corrected kinetic energies.
If system is stable (
If system is unstable ( cr t < cl t ) (8) Integrate faulted system dynamic equations until time instant t= cl t . Find the value of system potential energy at this time instant. Also find the system corrected kinetic energy using Eq. (13) . Then obtain the system total energy at fault clearing time cl V , by adding the system potential and corrected kinetic energies. 
THE PROPOSED METHODOLOGY
The IEEE 3 machine, 9 bus system is taken as the test system. The IEEE 9 bus system consists of 3 load buses, 3 generators and 6 lines. Assume that at time t=0, a three phase fault occurs on line 3 near bus 7. For this system critical clearing time is found to be 0.216 sec in the base case loading conditions. Assume that in the first case the fault is eliminated by removing the transmission line connected between the buses 5 and 7 at 0.1 sec the rotor angle differences of the generators are as shown in the Fig.3 . For this case the normalized energy margin is found to be 0.8516 hence the system is stable. Also by observing the rotor angle differences of generators in Fig.3 we can say that the system is stable. Assume that in the second case the fault is eliminated by removing the transmission line connected between the buses 5 and 7 at 0.5 sec the rotor angle differences of the generators are as shown in the Fig.4 . For this case the normalized energy margin is found to be -0.6460, hence the system is unstable. Also by observing the rotor angle differences of the generators in Fig.4 we can say that the system is unstable. In both the cases we have not considered any critical machines.
SIMULATION RESULTS
The proposed multilayer perceptron neural network (MLP) based method for online transient stability monitoring has been applied to IEEE 9 bus system. Thus the MLP neural network inputs are the above mentioned (3+3+3+3) = 12 independent operating conditions whereas its output is n V ∆ . We have taken two hidden layers with 20 and 10 hidden neurons in first and second hidden layers respectively. The ANN is trained by using Trainlm as the training function. It is to be noted that once the training of the MLP neural network is completed, the n V ∆ can be quickly computed. We have taken 60 random data patterns from which 80% are used for training 10% are used for testing and 10% are used for validation. The fault clearing time is taken as 0.101sec.The output of the ANN for the 10 patterns is shown in Table 1 . We can see from the results that the normalized energy obtained by ANN is close to the actual value. 
CONCLUSIONS
Fast transient stability assessment (TSA) is greatly important in the actual operation of power system. In this paper we have presented a multi-layered-perceptron (MLP) neural network based approach for online TSA through estimation of a normalized transient stability margin ( n V ∆ ) for a particular contingency under different operating conditions. Simulation results on the IEEE 9 bus system demonstrated that the proposed method was capable of estimating n V ∆ with a good degree of accuracy. From the results we can say that the proposed approach is well suitable for online normalized transient stability margin estimation.
